The mink corpus luteum (CL) involutes after ovulation and remains dormant, synthesizing low amounts of progesterone until reactivated to terminate embryonic diapause. We examined the mitotic and steroid synthetic capacity of luteal cells from the diapause and postimplantation phases of mink gestation. 
INTRODUCTION
A number of mustelid carnivores display embryonic diapause as an obligate component of each gestation (reviewed in [1] ), and the corpora lutea (CL) of diapause have unique characteristics. In the mink (Mustela vison), the CL form after copulation-induced ovulation and then undergo involution, such that cell volume, and consequently luteal volume, diminish during diapause [2] [3] [4] [5] . During the brief breeding season, follicle development continues despite the presence of these involuted CL, and ovulations can occur at 6-to 7-day intervals [5] . This results both in superfetation and in the coexistence of generations of CL from different ovulations [2] . Peripheral progesterone concentrations provide evidence that the CL of diapause in this species have steroidogenic competence, in spite of their involution [6, 7] .
Reactivation of the mink CL, with associated increases in luteal volume and progesterone synthesis, ensues at a variable time after the vernal equinox [7, 8] . The proximal stimulus is prolactin [9, 10] from the pituitary [11] , and its presence is obligatory, as hypophysectomy results in rapid disappearance of luteal structures [12] . A role for LH in maintenance of the mink CL has not been confirmed. Passive immunization with antiserum against GnRH reduced progesterone in the postimplantation (reactivated) CL, but the same treatment had no effect during diapause [13] .
Luteinization in rodents and ruminants is induced by ovulatory concentrations of gonadotropins. Brief exposure of rat granulosa cells to elevated gonadotropic hormones results in irreversible reprogramming of the cells to the stable luteal phenotype (reviewed in [141) . In ruminants, correspondence between the number of large luteal cells and the number of granulosa cells (purported progenitor of luteal cells in the preovulatory follicle; reviewed in [151), indicates that luteinization is terminal differentiation of the granulosa cell, and thus, an exit from the cell cycle. The mink CL consists of cells of at least two sizes, and their relative abundance varies through diapause and implantation [16] . The pattern of variation in cell populations led Stoufflet et al. [16] to suggest that the mink CL is reactivated first by hypertrophy and then by hyperplasia. However, it is not known whether cells that undergo hypertrophy exit the cell cycle or whether subsequent division can take place.
Luteinization engenders the acquisition of the capacity to synthesize and secrete progesterone. Among the necessary elements is the steroidogenic acute regulatory protein (StAR, [17] ), which transports cholesterol into the mitochondria and which increases during luteinization in the bovine ovary [18] . A second factor is the enzyme cytochrome P450-side chain cleavage (P450,c), which converts cholesterol to pregnenolone. It is believed to be constitutively expressed both during luteinization and during the period of luteal function [14] . The enzyme 33-hydroxysteroid dehydrogenase-A 5 -4 -isomerase (33HSD), which converts pregnenolone to progesterone, is also essential. We have previously shown that the abundance of mRNA encoding this enzyme increases in association with reactivation of the mink CL in vivo [19] .
For a number of reasons, including its prolactin dependency, its involution, and its recrudescence which precedes embryo implantation, the mink CL represents a unique model of luteinization and luteal cell function. Little is currently known about these processes in this species. Stoufflet et al. [16] reported that freshly isolated luteal cells taken from the mink ovaries during diapause demonstrated increased progesterone only when incubated with mink serum, and not with LH, FSH, prolactin, or estradiol. In another study of luteal cells isolated from ovaries after em-bryo implantation, modest increases in progesterone accumulation were induced by incubation with both LH and prolactin, suggesting direct luteotropic effects of these hormones [13] . A purpose of the current trials was to investigate luteal cell differentiation in the mink by culturing cells from CL taken during diapause and after CL reactivation and embryo implantation. The responses to prolactin, gonadotropins, and the intracellular second messenger, cAMP, were determined to resolve contradictions in the literature about luteotropic support in this species.
MATERIALS AND METHODS

Luteal Cell Cultures
Adult female mink of the Standard Dark variety were maintained in outdoor sheds under conditions of natural photoperiod and ambient temperature on a commercial mink ranch (Morrow Fourrures, St-Paul d'Abbotsford, PQ, Canada). They were fed a standard ration daily, and water was provided ad libitum. Housing, animal care, and tissue collections concurred with Canadian Council of Animal Care regulations and were according to a protocol approved by Comitd de dontologie, Facult6 de mtdecine vttrinaire, University de Montr6al. Beginning on March 3, females were exposed to males every 2 days until mated, and they were remated 7-9 days later. Matings were confirmed by motile sperm in vaginal lavages. Animals were transported to the laboratory and received i.p. injections of a lethal dose of T-61 euthanasia solution (Hoechst Canada, Regina, SK, Canada) before the removal of ovaries by midventral laparotomy. Ovaries were collected during embryonic diapause (March 20-22) or after luteal reactivation (April 2 and April 5) over two breeding seasons. They were washed twice in ice-cold PBS, placed in Minimal Essential Medium (MEM; Gibco/BRL, Burlington, ON, Canada), and kept on ice. CL were dissected free of interstitial tissue, pooled, weighed, and minced. The cells were dispersed with collagenase (Type II; Sigma, St. Louis, MO) at 32 mg/g of tissue, washed 3 times in MEM, and resuspended in Opti-MEM reduced serum medium (Gibco/BRL) containing 5% heat-inactivated fetal calf serum (FCS: Gibco/BRL), 2.5 mVl/L fungizone (Gibco/BRL), 5.0 ml/L penicillin-streptomycin (Gibco/BRL), and 25 pxg/ml 25-hydroxycholesterol (Sigma). The cells were plated at a concentration of 1 x 105 cells/ml in Falcon 6-well culture plates (5 ml/well; Becton Dickinson, Lincoln Park, NJ) and incubated in 95% humidified air with 5% CO 2 at 37 0 C. Triplicate cultures were incubated with 0, 20, or 200 ng/ml ovine prolactin (Sigma); 0, 20, or 200 ng/ml porcine LH (NIH USDA-pLH-B-1, Beltsville, MD); 0, 20, or 200 ng/ml of porcine FSH (Sigma); or 0, 30, or 300 mM dibutyryl (Bu 2 ) cAMP (Sigma). Doses were chosen to bracket hormone concentrations known to be minimally and maximally stimulatory in cultures of porcine granulosa cells [20] . Treatments were initiated at 48 h after cell isolation and were terminated after a further 12 h, at which time media were collected for progesterone assay. Three representative wells from each culture were taken for determination of total protein [21] . Cells were lysed in 4 M guanidium isothiocyanate (GITC; Gibco/ BRL) plus 0.12 M 2-mercaptoethanol (Sigma), collected, and stored at -70°C until RNA purification was undertaken.
To establish their proliferative capability, luteal cells harvested during diapause and after embryo implantation were plated as described above. Plates were examined at 12-h intervals, and an estimation was made of the time to confluence, defined as establishment of a monolayer on the plate and apparent cell-cell contact. Mitogenic capability was assessed by immunohistochemical localization of proliferating cell nuclear antigen (PCNA) at 12 h after confluence. Monoclonal antibody PC-10 against recombinant PCNA (Biomol, Plymouth Meeting, PA) was applied to ethanol-fixed cultures, followed by a biotinylated goat antimouse second antibody coupled to streptavidin horseradish peroxidase (Zymed Laboratories, San Francisco, CA). The peroxidase was visualized with the aminoethyl carbazole (AEC) red chromatin according to the manufacturer's specifications, and cells were counterstained with hematoxylin. To provide a negative control, cultures from each treatment group were subjected to the same procedure, except that the first antibody was omitted. No AEC red chromatin staining was observed under these conditions.
Slot Blot Analysis
Heterologous cDNA probes (porcine P450,,cc [22] and human 3HSD [23] ) hybridized with single mRNA species in mink steroidogenic tissues [19] . The mouse StAR probe [17] interacted with multiple transcripts in the mink ovary, adrenal, and testis; however, there was no indication of differential regulation of these messages in our previous experiments [19] . Total RNA from luteal cells was extracted by CsCl (Gibco/BRL) gradient ultracentrifugation [24] . Tissue homogenates were layered onto a 5.7 M CsCl (Gibco/ BRL) gradient and centrifuged at 32 000 rpm (174 000 x g) using an SW-41 rotor (Beckman, Mississauga, ON, Canada) for 20 h at 22°C. The RNA pellet was dissolved, then precipitated twice in 0.1 volume of 3 M sodium acetate (pH 5.2) and two volumes of absolute ethanol. The pellet was dissolved in diethyl pyrocarbonate (DEPC; Sigma)-treated distilled water and stored at -70°C. RNA concentrations were determined by spectrophotometry at 260 nm.
An aliquot of 6 pxg of total RNA in 50 il of DEPCtreated water was heated to 65°C for 10 min with 150 l of denaturing solution (98 ml deionized formamide, 32 l1 37% formaldehyde, and 20 Il of 10-strength MOPS (0.2 M 3-[N-morpholino]propanesulphonic acid, 0.5 M sodium acetate [pH 7.0], 0.01 M sodium EDTA). An equal volume of ice-cold 20-strength SSC (single-strength SSC is 150 mM NaCI, 15 mM trisodium citrate, pH 7.0) was added to the samples, which were applied to a nylon membrane (Hybond-N; Amersham, Oakville, ON, Canada) using a slot blot manifold (Bio-Rad, Mississauga, ON, Canada). RNA was cross-linked to the membrane using a GS gene linker UV chamber (Bio-Rad). Membranes were rinsed in 5-strength SSPE (single-strength SSPE is 180 mM NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.4) and then prehybridized for 30 min at 60-65°C in hybridizing solution (5-strength SSPE, 5-strength Denhardt's solution: 0.5% SDS, 10% dextran sulfate). Denatured herring sperm DNA (10 mg/ml; Sigma) was then added, and prehybridization continued for 3 or more hours. Probes were labeled by random primer extension (Boehringer Mannheim, Laval, PQ, Canada) with [ 3 2 P]dCTP (Dupont, Mississauga, ON, Canada) to a specific activity of 1.5-3.0 x 106 disintegrations per minute (dpm)/ig. The probes were denatured and incubated overnight with the blots at 60-65 0 C. Membranes were washed twice, 15 min per wash, with double-strength SSPE plus 0.1% SDS at room temperature and twice at 60°C. All membranes were rehybridized with a ribosomal 28S RNA probe [25] . Autoradiographic images were digitized and analyzed using Collage (Fotodyne, New Berlin, WI) software. For graphic representation, the ratio between the cDNA probe of interest and 28S RNA was calculated, and these arbitrary units were expressed as a percentage of the controls.
Progesterone Assay
Progesterone concentrations were determined by liquidphase RIA using first antibodies provided by Dr. A. Goff [26] . Progesterone-l la-glucuronide-' 2 5 I-iodotyramine (Amersham) was used as radioactive tracer, and goat antirabbit IgG (Prince Laboratories, Toronto, ON, Canada) as the precipitating second antibody. The sensitivity of the assay was 6 pg/ml, and the intra-and interassay coefficients of variation were less than 13%.
Statistical Analysis
Variations in progesterone were assessed by analysis of variance in which dose was nested in treatment. Densitometric data were subject to analysis of covariance in which the 28S value for each observation was its covariate. In the presence of significant F values, individual differences were determined using Least-Significant-Difference and Dunnett's tests. A value of p < 0.05 was considered significant.
RESULTS
Cell Morphology and Dynamics
In three trials initiated on successive days, cells derived from the CL from embryonic diapause and plated at a density of 1.0 x 105 per milliliter attained confluence at 7, 7, and 8 days, respectively. In cells viewed 12 h after confluence, three phenotypes were evident ( Fig. 1): 1 ) the predominant cells were thin and fusiform, and had a central nucleus; 2) the second cell type, larger than the first, was epithelioid in form and was found in aggregations among the whorls of the first cell type; 3) the third cell type was smaller, also epithelioid in form, and appeared in nests in the culture. Immunolocalization of PCNA and the presence of metaphase figures indicated a high rate of proliferation of the fusiform cell type (Fig. 2A) . PCNA-positive nuclei were present, but with lower frequency within the large epithelioid cell aggregations (Fig. 2B) . No PCNA immunoreactivity was found in the small epithelioid cell nests (data not shown). Cells isolated after reactivation, as indicated by CL diameter and confirmed by retrospective determination of peripheral progesterone levels, did not reach confluence in any of three trials, even after 9-10 days of culture. These cells attached to the plate by cytoplasmic processes (Fig. 3) , but no PCNA immunoreactivity was evident (data not shown). Mean (+ SEM) total protein in luteal cells from diapause 60 h after isolation was 110.4 + 8.3 mg/culture well, whereas mean concentration of protein in cells from postimplantation gestation was 44. 2 18.4 mg/well.
Progesterone Accumulation in Luteal Cell Cultures
In the absence of stimulatory treatment, luteal cells from embryonic diapause yielded 2.8 to 4.8 ng progesterone/mg protein in four experiments over two breeding seasons. The corresponding values were 1.3 to 3.0 ng/mg protein when a similar number of cells from the reactivated CL were plated. In luteal cultures from diapause, significant stimulation of progesterone was achieved by incubation with the lower dose of LH (20 ng/ml), the higher dose of FSH (200 ng/ml), and the higher dose of (Bu 2 )cAMP (300 mM, Fig.  4 , p < 0.05). In cells derived from the reactivated CL, significant increases in progesterone accumulation were evident with the lower dose of LH and with both doses of (Bu 2 )cAMP (Fig. 5 , p < 0.05). Prolactin had no stimulatory effect on progesterone in cells from the CL of diapause, nor from cells derived from the postimplantation CL.
Steroidogenic Elements
As noted above, analysis of mRNA was undertaken only in CL derived from the diapause phase of gestation. In those cultures, StAR message abundance was elevated 3-fold by the higher dose of (Bu 2 )cAMP (300 mM, p < 0.01), and of LH (200 ng/ml, Fig. 6 , p < 0.05). The message encoding P450s,, was significantly increased, to approximately 2-fold, by both doses of LH and by the higher dose of (Bu 2 )cAMP (p < 0.05, Fig. 7 ). It was unaffected by incubation with FSH, but the higher dose of (Bu 2 )cAMP resulted in a modest but significant elevation, as did the higher dose of prolactin (p < 0.05). An elevation in the cellular concentration of 3HSD mRNA was induced by incubation with both doses of prolactin and with the higher dose of (Bu 2 )cAMP, to maxima of 2.5-fold over control (p < 0.05, Fig. 8 ). There was a trend toward increase in the presence of LH (0.05 > p > 0.1), whereas FSH had no apparent effect.
DISCUSSION
The cell populations in this study resembled fibroblastlike and granulosa lutein-like (hypertrophied) cells in collagenase-dispersed CL from mink in embryonic diapause [16] . The present study provides convincing evidence that formation of the mink CL after ovulation does not engender loss of mitotic capability, as luteal cells from animals in diapause underwent division to confluence of cell monolayers. Mitotic figures and PCNA-positive nuclei demonstrated the proliferative capacity of fusiform and large ep- ithelioid luteal phenotypes. Further evidence for division of luteal cells from diapause is the 2-fold greater protein content compared to luteal cells from postimplantation gestation, despite identical numbers of cells plated and identical time in culture. Mitosis in marsupial luteal cells at reactivation of the CL at the end of embryonic diapause has been previously reported [27] . In the studies of Stoufflet et al. [16] , activation of the mink CL in vivo was accompanied by increases in the number of lutein (enlarged) cells, without an increase in the total luteal cell number, until just before implantation. In the Western spotted skunk, the CL of obligate diapause display primarily small, and a few large, luteal cells [28] . CL from skunks just before implantation have both small and large luteal cells in approximately equal numbers. From the two investigations, as well as a study of CL in the ferret [29] , a mustelid without diapause, it was concluded that small luteal cells differentiate into the larger form. Herein we provide evidence that the enlarged luteal cells from CL of diapause that develop in vitro can divide in culture.
Together, these results emphasize the departure of the CL of obligate embryonic diapause from rodent and ruminant models. Cells involute after formation of the CL [5] , and in the involuted state are capable of progesterone synthesis [16] . In spite of morphological differentiation, which suggests luteinization, they maintain the capability to divide and are not terminally programmed as in the rat [14, 30, 31] and sheep [32] . At some point after luteal reactivation, the mink luteal cells lose their mitotic capability, as indicated by the absence of PCNA-positive nuclei in cultures from postimplantation CL. Thus, reactivation confers the characteristics of terminally differentiated luteal cells.
While ferret luteal cells are derived from the granulosa lineage [29] , the progenitors of mink luteal cell types are anA ---I -from diapause was 2-to 3-fold greater than in cells from postimplantation. This finding does not concur with observations in vivo, in which circulating concentrations of progesterone are three or more times greater during postimplantation gestation [7, 8] . The genesis of the difference may be absence of cell-cell contact in vitro in the luteal cells from postimplantation gestation, which appears to be necessary for optimal ligand responses in the CL of other species [33] . Alternatively, there may be selective loss of luteal cell types during dispersion, as suggested by Joseph and Mead [29] , thereby reducing steroidogenic capability of the consequent population. While Stoufflet et al. [16] were unable to demonstrate an effect of exogenous LH on progesterone accumulation in luteal cells freshly isolated from either diapause or postimplantation CL, the present results concur with our previous report in which LH induced a moderate increase in progesterone accumulation in freshly isolated luteal cells from postimplantation gestation [13] . The mRNA for the LH receptor is present in the ovary during diapause and after luteal activation [19] . Greatest increases in progesterone occurred when cells were incubated with (Bu 2 )cAMP, particularly in cultures of luteal cells from diapause, probably because of the solubility of the cAMP analogue and its ability to bypass the receptor mechanism. Taken together, these findings implicate LH as a luteotropin in the mink CL both before and after reactivation. The disparity between the results from cultured luteal cells (present study) and freshly isolated cells [16] could be due to loss of the receptors as a result of collagenase digestion, and consequent insensitivity to pituitary hormones in the latter study. Cells in the present investigation may have regained luteotropin sensitivity over the culture period.
FSH induction of progesterone in luteal cells from diapause is consistent with FSH stimulation of progesterone in pig [20] and rat [31] granulosa cells, but its significance to mink luteal function is unclear. The lower magnitude of response to FSH relative to LH may reflect the occurrence or abundance of the respective receptors. No information is available on the FSH receptor in the mink.
Progesterone levels remain low during diapause in mink, suggesting limitations in the steroidogenic capability of the CL in vivo. It was therefore of interest to determine whether StAR and steroidogenic enzymes were affected by gonadotropins or prolactin in vitro. Elevations in StAR message after treatment with LH and (Bu 2 )cAMP are consistent with effects in pig [20, 34, 35] and human [36] granulosa cells caused by gonadotropins and further suggest a luteotropic role for LH in the mink. Nonetheless, in vivo analysis indicates no change in StAR expression [19] in spite of the five-fold or more increases in progesterone associated with luteal reactivation [6, 7] . This finding differs from observations in the bovine CL, in which StAR mRNA and protein increase with luteinization and correlate with progesterone secretory capacity [18] .
Abundance of P450scc mRNA in CL during diapause and luteal reactivation does not vary with reactivation of the CL [19] . Nonetheless, both LH and (Bu 2 )cAMP induced increases in its mRNA in vitro. This concurs with a number of in vitro studies of rat [37] , human [38] , and pig [20] granulosa cells and of primary cultures of bovine luteal cells [39] , and suggests that P450scc is not independent of cAMP stimulation in the mink, as has been postulated for the rat CL [37] . These data further confirm a role for LH in the mink CL, despite the fact that prolactin alone can induce short-term luteal activation in hypophysectomized animals [11] .
Dose-dependent increases in mRNA encoding 3HSD followed incubation of the cells for 12 h with prolactin, in agreement with the in vivo finding of elevation in 33HSD mRNA associated with luteal activation [19] . Prolactin inhibits 3HSD activity in rat granulosa cells in vitro [40] , and administration of prolactin in vivo reduces both 3[3HSD mRNA and protein in the rat corpus luteum [41] . The promoter/enhancer region of the human 3[HSD gene is highly responsive to prolactin stimulation [42] , providing a mechanism for prolactin modulation of its expression. Gonadotropin and cAMP regulation of 3HSD gene expression was first reported in luteinized porcine granulosa cells [43] and has since been observed in many other species. The CL from diapause in mink fits the pattern of 3-fold increase in message abundance associated with cAMP stimulation. Thus, both prolactin and LH regulate expression of mink luteal 3P3HSD.
Temporary luteal involution is a key factor in the maintenance of embryonic diapause in the mink, as luteal reactivation, by administration of exogenous prolactin [9] [10] [11] or the dopamine antagonist pimozide [44] induces precocious embryo implantation. The cells in the CL luteinize after ovulation, as indicated by the presence of steroidogenic elements and ligand-induced progesterone secretion in vitro. In contrast to other luteinized models, it appears that the mink CL of diapause does not lose its mitotic capability with luteinization, as both fusiform and hypertrophied cells divide. The present investigation confirms the luteotropic capacity of LH, and its second messenger, cAMP, which stimulate expression of three steroidogenic elements, StAR, P450,,cc, and 33HSD, as well as inducing the accumulation of progesterone in vitro. LH and prolactin have specific and sometimes overlapping stimulatory effects on the CL of diapause, arguing for multiple factor regulation of luteinization and luteal function in this species.
